Objective: To investigate the treatment efficacy of ultra-low-dose bevacizumab for cerebral radiation necrosis. Methods: Patients with cerebral radiation necrosis after stereotactic radiotherapy (SRT) confirmed by imaging were included. Bevacizumab (1 mg/kg, once every three weeks, for at least three continuous treatments) was administered. The primary endpoints included change in cerebral necrosis symptoms, volume of intracranial edema, and changes in MRI signals. The secondary endpoints were adverse reactions of bevacizumab treatment. Results: In total, 21 patients were included in this study, all of whom received SRT between December 2016 and February 2019, developed cerebral radiation necrosis, and were treated with bevacizumab. Twenty patients were symptomatic from radiation necrosis, and the symptoms were alleviated in 18 patients (90%). Twenty patients had intracranial edema, and the grade of edema index (EI) was improved in 19 patients (95%). The intensity of the intracranial-enhanced MRI signals was significantly reduced in 20 patients (95.24%). The adverse reactions of bevacizumab treatment were mild, and no adverse reactions more severe than grade 2 were found. Conclusion: The preliminary results showed that ultra-low-dose bevacizumab had high efficacy for treating cerebral radiation necrosis, and could be a valid alternative to the standard-dose bevacizumab. Clinical registry: Chinese clinical trial registry (ChiCTR-IOD-16009803).
Introduction
Cerebral radiation necrosis is a common complication from stereotactic radiotherapy (SRT) for intracranial tumors. [1] [2] [3] However, no effective treatments for this disorder are available to date. One of the major causes of cerebral radiation necrosis is vascular changes. 4, 5 As an important anti-angiogenic drug, bevacizumab could potentially treat cerebral radiation necrosis. Bevacizumab (Roche, Switzerland) is a humanized monoclonal immunoglobulin G antibody that is 93% human and 7% murine in protein sequence. Bevacizumab maintains the high specificity and affinity of the parental antibody for VEGF-A with reduced immunogenicity and a longer half-life. Bevacizumab inhibits endothelial-cell mitogenic activity, vascular permeabilityenhancing activity, and other angiogenesis-promoting biologic functions of VEGF. Neutralization of VEGF has 2 cytostatic effects on tumor biology: prevention of neovasculature formation by limiting the blood supply and "normalization" or pruning of immature and abnormal blood vessels. 6, 7 However, the doses of bevacizumab were mainly decided as anti-tumor therapy in previous studies, while no study has investigated whether these doses were suitable for the treatment of cerebral radiation necrosis. This preliminary clinical study explored the efficacy of ultralow-dose bevacizumab for the treatment of cerebral radiation necrosis following SRT, which could provide evidence for optimizing doses of bevacizumab for treating cerebral radiation necrosis.
Patients And Methods Patients
This study was prospectively approved and supervised by the Peking University Third Hospital Ethics Committee. All participants signed informed consent. The inclusion criteria of the patients were: (1) patient had primary or secondary intracranial lesions; (2) the intracranial lesions were treated with SRT; (3) the cerebral radiation necrosis after SRT was diagnosed by imaging; (4) patient did not have a history of anti-vascular medication. Patients with contradictions for bevacizumab treatment, such as history or risk for bleeding, were excluded from the study. In total, 21 patients with cerebral radiation necrosis after SRT for primary or secondary intracranial tumors were included between December 2016 and February 2019. Patient characteristics are described in Table 1 .
Diagnostic Criteria For Cerebral Radiation Necrosis
Pathological examination is the gold standard for diagnosis of cerebral radiation necrosis. However, this method has several issues in clinical practice: (1) many intracranial tumors are close to the skull base or other important functional regions, and thus surgical resection or stereotactic biopsy and subsequent pathological examination cannot be conducted; (2) very few patients consent to biopsy following SRT; and (3) the stereotactic biopsy does not necessarily reflect the overall pathological changes of the entire tissue. In addition, it is almost impossible to conduct the craniotomy if cerebral necrosis is suspected in patients receiving palliative treatments for multiple intracranial metastases. Furthermore, craniotomy in such patients also violates the goals of SRT treatment, which is to increase survival and improve life quality. Therefore, pathological examination, the gold standard for diagnosis of cerebral radiation necrosis, is difficult to conduct in clinical practice. Instead, comprehensive imaging examination is practical and also the most commonly used method for diagnosing cerebral radiation necrosis in clinical practice. [7] [8] [9] In this study, cerebral radiation necrosis was diagnosed based on a comprehensive analysis of medical history, symptoms, signs, MRI findings, spectrum analysis results, and PET-CT findings. [10] [11] [12] MRI scanning or spectrum analysis was initially conducted for all patients, and PET-CT scanning was performed for those cases that could not be diagnosed by MRI alone. 10, [13] [14] [15] [16] [17] [18] Each case cerebral radiation necrosis was diagnosed by three physicians independently according to the imaging findings.
Bevacizumab Treatment
Bevacizumab, at a dose of 1 mg/kg body weight, 6,7 was used to treat cerebral radiation necrosis. The regimen included three cycles of treatment, with one infusion every three weeks. Antiallergic treatment using diphenhydramine and low-dose glucocorticoids was used for the patients before the first bevacizumab treatment (In the first application of bevacizumab, in order to avoid allergic reactions to monoclonal antibodies, diphenhydramine and low-dose hormones were used in the initial application.). The time of bevacizumab administration was >90 mins in the first treatment, and shortened to >60 mins in the following treatments. Electrocardiogram monitoring was conducted for the patients, and the adverse reactions were recorded during the treatment.
Efficacy Assessment
Intracranial MRI scanning was routinely conducted at one month after the three cycles of bevacizumab treatment were completed. Afterwards, re-examinations were conducted every 2-3 months within one year, and then as per the conditions of the patients, at intervals ≤6 months. For patients with intracranial symptoms, immediate reexamination was conducted. The changes in the symptoms after bevacizumab treatment were assessed according to the CTCAE4.0 criteria. 19 Edema area was measured on FRFSE-T2WI image, and the volume was calculated by edema area marked on MRI images × layer thickness. EI, which was calculated by the equation of EI = volume of (edema + necrosis)/volume of necrosis, was used for the assessment. Changes in the signals of cerebral necrosis area were measured in the enhanced T1 phase. The signal values in the enhanced area of cerebral necrosis were measured, and the mean value was calculated, which was compared with the signals of the white matter on the same MRI image to minimize the influences of different enhancements. This value was used for assessing the changes in the signals of cerebral necrosis area before and after treatment.
Statistical Analysis SPSS 17.0 software was used for statistical analysis. Student's t-test was used for the analysis of the changes in symptoms, EI, and signals in cerebral necrosis area after bevacizumab treatment. P <0.05 was considered statistically significant.
Results

Adverse Reactions Of Bevacizumab Treatment
The median follow-up was 22.7 months (range 6.1-38.4 months). The median time to onset of cerebral radiation necrosis from radiotherapy was 17.6 months (range 8.2-32.4 months). Among the 21 patients, mild allergy was found in one patient. Grade 1 blood pressure increase was found in one patient, which resolved spontaneously. The overall incidence of adverse reactions was 9.52% (2/21). No adverse reaction of grade 2 or more was found among the patients. No other adverse reactions of bevacizumab treatment, such as skin rash, weakness, proteinuria, thromboembolism, bleeding, gastrointestinal perforation, delayed wound healing, reversible posterior leukoencephalopathy syndrome, and congestive heart failure, were found.
Changes In Radiation Necrosis Symptoms
Among the 21 patients, 20 had headache, dizziness, nausea, vomiting, mental disorders (such as memory loss), and visual impairment (such as visual field defects) before bevacizumab treatment. However, severity of the symptoms decreased after bevacizumab treatment in 18 patients (90%) (t = 5.657, p < 0.001). The detailed data are shown in Table 2 .
Changes In Edema Severity
EI was calculated according to the edema severity of the patients, and the changes were compared before and after the treatment. The results showed that among the 20 patients with edema, EI in 19 patients (95%) significantly improved after bevacizumab treatment (t = 3.8, p= 0.002) ( Figure 1 ).
Changes In MRI Signals Of Cerebral Necrosis Area
The relative intensity on the enhanced intracranial T1 phase MRI images was measured to assess the changes of blood flow in the cerebral necrosis lesions after bevacizumab treatment. The results showed that the intensity of the enhanced intracranial MRI signals in 20 patients (95.24%) decreased significantly after bevacizumab treatment (t = 5.9, p = 0.001) (Figure 2 ).
Discussion
The findings of this preliminary study showed that ultralow-dose (1 mg/kg body weight) bevacizumab had high efficacy in treating cerebral radiation necrosis. The mechanisms involved in the treatment of cerebral radiation necrosis by bevacizumab could be discussed from two aspects, namely the pathogenesis of cerebral radiation necrosis and anti-angiogenic effects of bevacizumab. Blood vessel damage plays an important role in the pathogenesis of cerebral radiation necrosis. 20 The irradiation on blood vessels induces fibrinoid degeneration of vascular endothelial cells, which in turn induces hypoxia and necrosis. Cytokines (such as VEGF) that affect blood vessels are over-expressed during the process, which gradually induce blood-brain barrier dysfunction and encephaledema, and consequently affect the functions of neurons. 21 In addition, irradiation also damages astrocytes to further induce release of VEGF, and thereby worsens blood-brain barrier dysfunction and encephaledema. Bevacizumab binds VEGF and inhibits its action on blood vessels, reducing the permeability of the capillaries, decreasing extracellular release of inflammatory factors in plasma through endothelial cells of capillaries, and alleviating blood-brain barrier damages and encephaledema. Therefore, bevacizumab can be an effective method for the treatment of cerebral radiation necrosis. These mechanisms have already been established based on the findings of increased VEGF expression in animal models of cerebral radiation necrosis. In addition, the treatment efficacy of bevacizumab is mainly associated with the duration of the anti-angiogenic effects, but not the dose of bevacizumab. Further, in the previous case report, there was a report of using 3mg/kg, 22 which showed preliminary evidence that dose lower than the initial dose (5 or 7.5mg/kg) can still be effective. Therefore, the underlying mechanisms of cerebral radiation necrosis and the doseindependent anti-angiogenic effects of bevacizumab 23, 24 provide the theoretical basis of this study on ultra-low dose of bevacizumab as an effective treatment for cerebral radiation necrosis.
In this study, brain radiation necrosis diagnosis was based mainly on imaging. The gold standard for the diagnosis of radiation cerebral necrosis is pathological diagnosis; however, there have been many issues in clinical practice. 13, 14 First, the locations of many intracranial tumors in stereotactic radiotherapy were close to the cranial base or in important function areas; therefore, surgical resection or stereotactic puncture could not be performed to obtain pathological diagnosis. Next, patients had very low intention for puncture after stereotactic radiotherapy. In addition, even if the stereotactic puncture was performed, the results might not completely represent the overall tissue pathology. For patients who received palliative treatment after multiple intracranial metastases, it was almost impossible to persuade patients to undergo craniotomy to confirm cerebral necrosis; furthermore, craniotomy in patients receiving palliative treatment for brain metastasis contradicted the clinical treatment purpose of prolonging survival and increasing quality of life. Therefore, although pathological diagnosis after surgery is the gold standard for radiation cerebral necrosis, it could not be achieved in clinical works. Thus, comprehensive imaging measures are the most practical and have been the most commonly applied diagnosis methods in our clinical works. Therefore comprehensive imaging is the most realistic and most frequently used method in the diagnosis of brain radiation necrosis. Previous studies used 5-7.5 mg/kg of bevacizumab for the treatment of cerebral radiation necrosis. [25] [26] [27] These doses were decided according to the doses used for the treatment of tumors, which have limited reference value for the treatment of cerebral radiation necrosis. In addition, such high doses also increase the financial burden on patients. There are very limited studies and case reports on the efficacy of low-dose bevacizumab on cerebral radiation necrosis, but further research is warranted. 28, 29 
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The treatment efficacy of ultra-low-dose bevacizumab in this study provides a potential alternative for the effective treatment of radiation necrosis in clinical practice, as well as new evidence for differing doses of bevacizumab based on clinical application.
Conclusion
In summary, the preliminary results showed that ultra-lowdose bevacizumab was the efficacy for treating cerebral radiation necrosis with acceptable side effects, and could be a valid alternative to the standard-dose bevacizumab.
Other study with higher number of patients and longer follow-up are necessary to confirm this finding.
Abbreviations CRN, cerebral radiation necrosis; BED, biological effective dose; NSCLC, non-small-cell lung cancer; MRI, magnetic resonance imaging; CTC, common toxicity criteria.
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